Introduction
An extensive investigation of the effect of electrostatic precipitation and fabric filtration on the physical and chemical properties of the controlled cement dust was undertaken by Hindy and Attia (1988; 1993) . Its results indicate that the cement dust leaving the electrostatic precipitators and fabric filters has a mass median diameter less than that entering the two means of the cement dust control (Hindy and Attia, 1988) . On the other hand, the study on changes in chemical composition of cement dust due to collection by electrostatic precipitators and fabric filters reached the following two conclusions: 1 relatively low reduction values in metal concentration in cement dust is observed due to collection by the two control means; and 2 metal concentration reduction is always associated with an increase in the < 20 µm-size portion in cement dust leaving the control device (Hindy and Attia, 1993) .
This reflects two facts: the first is that the electrostatic precipitation and fabric filtration diminish the diameter of the cement dust particles, and the second is that the two control processes do not cause an actual change in the metal content of the controlled material. This means that the physical characteristics of the cement which are mainly dependent on its particle size are improved by the two control means; besides, the chemical compositions of the cement do not show any change after applying the same two means. According to the foregoing findings, it is expected that there is a high probability for the utilization of the controlled cement dust for building purposes. Therefore, it was necessary to carry out the present investigation which aims principally at assuring this expectation.
The investigation includes samples collected from four of the major cement factories in the United Arab Emirates (UAE). These are located in four different Emirates; Dubai, Fujairah, Ajman and Ras Al Khaimah (see Figure 1 ).
Facility description
Within a period of ten years from 1975, some nine cement companies had been established in the UAE, with a total installed clinker capacity of some 4.9 million tonnes per annum and the facilities to grind some nine million tonnes of cement annually (International Cement Review, 1992) . The clinker and cement capacities of the investigated four cement companies are shown in Table I . Cement is manufactured in the four plants by the dry process. In this process the raw materials are ground and blended as dry powders. Then they pass through the preheater and kiln where they are converted to cement clinker. This clinker is then ground after mixing with gypsum to form Portland cement. Table II shows the type and annual consumption of the raw materials used in the four plants.
Three of the four plants, namely Fujairah, Union and National Cement Companies produce both clinker and cement, whereas the fourth, i.e. Ajman Cement Co., depends on the clinker produced by other factories (e.g. Union Cement Co.) for the production of cement.
Control equipment
Every operation in the cement production process, by its nature, produces dust. Dust emissions can occur whenever dry materials are mined, crushed, conveyed, transferred or processed. The major sources of dust in the cement industry can be classified as:
• point sources, including the main kiln stack, finish mill vent stack and the packing plant vents; and • fugitive sources, such as equipment leaks, quarry operations, and the conveying, stacking, storing and packaging of dry materials.
Historically, electrostatic precipitators have been the predominant choice of the cement industry for controlling the point-of-source emissions. The recent trend within the industry, however, is towards the use of fabric filters.
[ 21 ] Separation of suspended particulate matter from a gas stream by high voltage electrostatic precipitation requires three basic steps: 1 electrical charging of the suspended matter; 2 collection of the charged particulate matter on a ground surface; and 3 removal of the particulate matter to an external receptacle.
The charge is applied by passing the suspended particles through a high-voltage, direct-current corona. The corona is established between an electrode maintained at high voltage and a grounded collecting surface. The particles thereby become highly With a fabric filter, the dust-bearing gas is passed through a glass or needlefelt fabric in such a manner that dust particles are retained on the upstream or dirty-gas side of the fabric, while the gas passes through the fabric to the downstream or clean-gas side. Dust is removed from the fabric by gravity and/or mechanical means such as rappers or via air pulses.
The overall collection efficiency of electrostatic precipitators, in many cases, is higher than 99 per cent (Brauer and Varma, 1981) . The overall collection efficiency of the fabric filter was found to be around 99 per cent (Hindy, 1989) . However, dust suppression by the two means on the dry process lines faces a special problem related to the disposing of the collected cement dust. Controlled cement dust in three of the investigated four cement plants is disposed of on the surface of the open desert. This may cause serious environmental problems, such as air and ground water pollution.
The present investigation tries to find out a suitable means, not only for disposing of the controlled cement dust in the four factories, only also for its utilization as a useful building material.
Experimental work
In accordance with the requirements of the present investigation which is limited to the utilization of cement dust collected by the electrostatic precipitators (ESP) and fabric filters (FF), the examined samples were taken from 21 places. These are listed in Table III. The collected samples were then subjected to physical tests and chemical analysis.
Physical tests
Physical tests included in the present study were surface area, 45 µm-sieve residue, 90µm-sieve residue, setting time (initial and final), and setting time (three-day, seven-day and 28-day tests). Testing procedures developed for Portland cement were applied for the cement dust.
Procedures of chemical analysis involve determining insoluble residue and the loss on ignition. The latter requires igniting the dried sample to a constant weight in a muffle furnace at 800°C using uncovered porcelain crucible. Required chemical determinations are then made using procedures which are the same as those used in testing Portland cement and depend on X-ray fluorescence quantometer plus computer, which provides chemical analysis and data printout of nine elements in less than three minutes. These elements are calcium (Ca), silicon (Si), aluminium (Al), iron (Fe), sodium (Na), potassium (K), sulphur (S), magnesium (Mg) and chlorine (Cl).
Results and discussion

Physical properties
The surface area (fineness), setting (hardening) time, and compressive strength are the three principal physical properties which should be taken into consideration when evaluating the cement material. The results of the physical tests of the controlled cement dust samples compared with the British Standard requirements of ordinary Portland cement (OPC) are given in Table IV. From the results presented, the following may be noted.
Surface area
The surface area of the examined samples ranges from < 50m 2 /kg in sample No. 25 to > 700m 2 /kg in sample Nos 11, 12, 16, 18, 19, 20, 21, 23 and 26 . With the exception of sample Nos 13, 22 and 25, all other examined samples have a surface area more than the BS requirement (225m 2 /kg).
The above results are mainly associated with the electrostatic precipitators and fabric filters used in the investigated four cement plants for the separation of the cement dust from the gas stream.
Fineness of the fly ash has a significant influence on its performance in concrete. 
Setting time
The setting characteristics of concrete are influenced by ambient and concrete temperature; cement type, source, content, and fineness; water content of the paste; soluble alkalis and use of other admixture (ACI Committee 226, 1987) .
This means that other factors than those associated with the properties of the cement material are responsible for determining the setting time of the examined samples.
The results obtained show that all the examined samples have an initial setting time that exceeds the BS requirement (45 minutes minimum value) by several times. However, nine of the same samples do not meet the BS requirement (600 minutes maximum value) for the final setting time. These are sample Nos 11, 12, 16, 18, 19, 20, 21, 23 and 26 (Table IV) .
Compressive strength
Strength at any given age and rate of strength gain of concrete are affected by the characteristics of the cement. Therefore, compressive strength may give some guide to the potential of the cement for producing strength in concrete.
Test results of the investigated cement dust samples (Table IV) indicate that only ten of these samples could be subjected to a complete compressive strength tests (sample Nos 1-10). The results finally indicate that cement dust samples given Nos 3-10 meet the BS requirements of OPC. These samples were collected from one cement plant (Ajman Cement Plant).
Chemical and mineralogical composition
Cement dust is complex in its range of chemical and phase compositions. It consists of homogeneous combination of glassy and crystalline phases.
Although the constituents are typically not present as oxides, it is customary to express the results of the chemical analyses of the materials in terms of the oxides of the elements, e.g. silica (SiO 2 ), alumina (Al 2 O 3 ), ferric oxide (Fe 2 O 3 ), calcium oxide (CaO) magnesium oxide (MgO), and sulphur trioxide (SO 3 ), besides the alkalis (K 2 O and Na 2 O).
Compound composition of cement material, e.g. Tri-calcium silicate (C 3 S), di-calcium silicate (C 2 S), and tetra-calcium aluminiumferrite (C 4 AF) are calculated by Bogue Formulae (Bogue, 1929) , using the obtained [ 25 ] Carbon content is usually not determined directly, but is often assumed to be approximately equal to the loss on ignition (LOI); however, ignition loss will also include any combined water or carbon dioxide (CO 2 ) lost by decomposition of hydrates or carbonates that may be present.
Free lime (CaO) which is not in combination in any compound is calculated by applying the Bogue Formulae (Bogue, 1929) .
Results of chemical analyses of the investigated cement dust samples compared with the British Standard specifications are given in Table V .
It seems important at first to know how the metal oxides form the actual compounds in the cement. This will be discussed next.
When a carefully proportioned and blended raw mix is fed into the kiln, the calcium carbonate, CaCO 3 from the chalk or limestone is converted to lime, CaO, or C in cement chemists' notation:
This combines with the silica, alumina and ferric oxide from the shale or clay (C+ S + A + F) to form cement clinker, a mixture of mainly four compounds each having unique properties (C 3 S+C 2 S + C 3 A+ C 4 AF). The potential proportion of each of these compounds in the clinker may be calculated from formulae suggested by Bogue (1929) .
The most important compound is tricalcium silicate, C 3 S (3CaO. SiO 2 ) in cement chemists' notation. The crystalline material as it actually occurs in clinker includes impurities and is called alite.
Tri-calcium silicate forms more than half of Portland cement clinker and it is responsible for much of the strength of concrete up to 28 days; the physical property by which cements are often compared. Therefore, it is important to maximize C 3 S content, given the limitations imposed by market requirements, the raw materials and the process conditions.
The second compound is di-calcium silicate, C 2 S (2CaO. SiO 2 ) or belite in its impure state. Although present in smaller quantities than C 3 S, C 2 S, it also has strength giving properties and is therefore an important constituent of cement.
Although C 3 S is preferred, C 2 S is still an important strength-giving compound. It hydrates more slowly than C 3 S and tends to make its contribution to concrete strength development at 28 days and beyond.
The third compound, tri-calcium aluminate, C 3 A (3CaO. A1 2 O 3 ) has not generally been considered to contribute to concrete strength. However, it is much more reactive than either C 3 S or C 2 S. It may, therefore, improve early strength.
Although C 3 A is present in smaller quantities, it has an important influence on the early hydration reactions which determine workability and setting behaviour. Workability is the ease with which concrete can be handled and placed after mixing has taken place.
The fourth compound is tetra-calcium alumino-ferrite, C 4 AF (4CaO. A1 2 O 3 . Fe 2 O 3 ) which imparts the characteristic grey colour to the Portland cement; hence the need to reduce the amount of this compound when making white cement. Like C 3 A, C 4 AF makes little contribution to concrete strength.
From the foregoing elucidation, it can be seen that the raw materials provide a source of lime, silica, alumina and ferric oxide and that these oxides combine in the kiln to form four compounds: C 3 S, C 2 S, C 3 A and C 4 AF. It can also be seen that C 3 S and C 2 S are the compounds in cement which give concrete its strength.
The available results of chemical and mineral composition of the investigated cement dust samples (Table V) can be limited to sample Nos 3-10. These have shown physical characteristics meeting the British Standard requirements, as previously discussed.
The eight samples gave C 3 S compound percentages ranging between 45.60 for sample No. 4 and 54.10 for sample No. 10, and the arrangement of the samples according to their content of C 3 S is: 10 > 7 > 3 > 9 > 8 > 5 > 6 > 4. The corresponding percentages of C 2 S content range between 14.10 for sample No. 10 and 28.70 for sample No. 4, and the corresponding arrangement of the samples according to their content of C 2 S is: 4 > 6 > 8 > 5 > 7 > 3 > 9 > 10. This means that there is nearly an inverse relationship between the samples' content of C 3 S and that of C 2 S.
When examining the total content of samples of C 3 S and C 2 S, it can be seen that the sum of C 3 S plus C 2 S percentages ranges between 68.20 for sample No. 10 and 74.40 for sample No. 8. The samples can be arranged accordingly as: 8 > 4 > 7 > 6 > 5 > 3 > 9 > 10. Such arrangement may reflect the priority of using the investigated cement dust as a concrete material.
On the other hand, the available British Standard requirements for chemical and mineral composition of OPC are concerned only with insoluble residue (IR), magnesium oxide (MgO), sulphur trioxide (SO 3 ), and loss on ignition (LOI), besides lime saturation factor (LSF) ( Table V) .
With the exception of sample No. 10, all other samples of cement dust are suggested to be used as a concrete material that meets all the above mentioned BS requirements.
[ 26 ] (1) Sample No. 10 has SO 3 and LOI more than the BS requirements. A combination of high SO 3 and low MgO (as found in the studied samples) in a clinker mix may be detrimental to strength development. This is attributed to the evidence drawn by Gutt and Smith (1968) that in the presence of C 3 A though not of C 4 AF, formation of C 3 S is reduced by high SO 3 content, but this is counteracted by the presence of MgO. The results of physical tests of investigated samples (Table IV) , however, indicate compressive strength values for sample No. 10 higher than the BS requirements. At the same time, the results of chemical analysis show maximum C 3 S content for sample No. 10 in comparison with other suggested samples (Table V) . This means that the sample can be safely used as a concrete material. On the other hand, the slight increase in LOI content of the sample than the BS requirement can be considered ineffective in changing the characteristics of the concrete. It should be noted that the alkali content of the cement dust samples suggested to be used as concrete material is less than the BS specifications, i.e. Na 2 O + 0.658 K 2 O = < 0.6 per cent for low-alkali cement.
Conclusion
The conclusion that can be drawn from the present investigation is that the cement dust collected by control means (e.g. electrostatic precipitators and fabric filters) may be investigated further as to its use as a concrete material.
The study reveals that controlled cement dust collected from eight points on dry process lines at a cement plant in the United Arab Emirates has the same physical and chemical specifications required for ordinary Portland cement. The control means used at these points is the fabric filter and the dry process lines are: separation (four points); cement pumping (two points); and silo loading (two points).
